Biohybrid robots are attracting attention as promising candidates to enhance robot applicability to studies on biological designs and in vitro construction of biological dynamic systems. Rapid progress in biohybrid robots with skeletal muscle tissues formed on a flexible substrate has enabled various types of locomotion powered by muscle tissue. However, it has been difficult to achieve high levels of both large and long-term actuations of the skeletal muscle tissues because of their spontaneous shrinkage through the course of the tissue culture. To overcome this limitation, we adapted the concept of biological systems and developed a biohybrid robot actuated by an antagonistic pair of skeletal muscle tissues. Our robot achieved large actuation (~90° of rotation of a joint) by selective contractions of the skeletal muscle tissues and a long lifetime (~1 week) by balancing tensions of the antagonistic tissues to prevent the spontaneous shrinkage. As a demonstration, we showed that our biohybrid robots allowed a pick-and-place manipulation of objects. This research may provide a platform to exceed the limitations of design in conventional biohybrid robots and replicate various lifelike movements.
INTRODUCTION
Recent advances in biofabrication techniques have achieved integration of engineered muscle tissues with artificial devices, leading to biohybrid robots that allow us to understand the design strategy of living organisms and to engineer their dynamic systems (1) . Conventionally, many researchers have proposed biohybrid robots composed of a muscle tissue cultured on a flexible substrate and have succeeded in deformation of the substrate by contractions of the muscle tissues (2, 3) . These robots enabled biomimetic movementssuch as pumping (4) , grasping (5-7), walking (7) (8) (9) (10) , and swimming (11) (12) (13) (14) -by using design strategies based on the hearts, claws, inchworms, and aquatic organisms, respectively. Mainly cardiac and skeletal muscle tissues have been used as the muscle tissues for biohybrid robots because their contractions are generated by applying external stimulation, such as electrical (5-7, 9, 11) and optical (10, 13) stimulations. In particular, skeletal muscle tissues are attractive driving elements owing to precise controllability of their contractions, in contrast to cardiac muscle tissues. However, the contractions of the skeletal muscle tissues on flexible substrates do not last for a long time due to spontaneous shrinkage of the tissues caused by their intrinsic traction force that increases through the course of culture (9, 15) . This spontaneous shrinkage makes the skeletal muscle tissues much shorter than their initial length, leading to contraction malfunction. Although culturing the tissues on a rigid substrate may prevent spontaneous shrinkage (16) (17) (18) (19) (20) (21) (22) (23) , the tissue contraction is isometric because of the high stiffness of the substrate. Thus, such a configuration is not suitable as a biohybrid actuator. Consequently, it is difficult to achieve compatibility between large actuation and a long lifetime in a biohybrid robot. On the other hand, biological systems overcome these issues by using antagonistic pairs of skeletal muscles. The selective contractions of each skeletal muscle allow large actuation, and balancing the tension using antagonistic muscles prevents their spontaneous shrinkage over the long term.
In this study, we developed a biohybrid robot actuated by an antagonistic pair of skeletal muscle tissues (Fig. 1A) . To take the advantage of the antagonistic pair of skeletal muscle tissues, the biohybrid robot has a joint connected to the skeletal muscle tissues via flexible ribbons. Contractions of each skeletal muscle tissue are controlled by applying electrical stimulations with gold electrodes. When the skeletal muscle tissues contract selectively, linear contraction and extension of the skeletal muscle tissues can induce a smooth bidirectional rotation of the joint, leading to large actuation of the biohybrid robot. Furthermore, because the tensions of both skeletal muscle tissues changed similarly during culture, their contractility was maintained for a long time (~1 week) without notable spontaneous shrinkage. We investigated the contractile properties of the skeletal muscle tissues and analyzed the actuations of the biohybrid robot. As examples of usage, we demonstrate that the biohybrid robots can manipulate an object by controlling their actuations through contractions of the skeletal muscle tissues.
RESULTS

Construction of a biohybrid robot powered by an antagonistic pair of skeletal muscle tissues
The fabrication process for the biohybrid robot with an antagonistic pair of skeletal muscle tissues has two steps. The first step is the preparation of a robot skeleton. The skeleton consists of a joint, pairs of electrodes, anchors for skeletal muscle tissues, and flexible ribbons bridged between the anchors and the joint ( fig. S1A ). The body of the skeleton and the anchors were fabricated by stereolithography, and the electrodes were produced by parylene-based standard photolithography (fig. S1B, i to v). The joint in the skeleton can be rotated when the flexible ribbon is pulled (Fig. 1A) . This mechanism mimics the musculoskeletal system of the living body; the joint driving mechanism observed in the musculoskeletal system enables efficient force transmission of skeletal muscles (24) . In addition, parylene-coated gold electrodes placed near the anchors allow application of electrical stimulations to an antagonistic pair of skeletal muscle tissues individually.
The second step is the formation of skeletal muscle tissues on the skeleton (Fig. 1C) . We first prepared myoblast-laden hydrogel sheets using polydimethylsiloxane (PDMS) stamps (Fig. 1B, and  fig. S2 , A and B) and then stacked the sheets onto the immobilized anchors to form three-dimensional (3D) tissues with large crosssectional areas (figs. S1B, vi to viii, and S2C). The sheets had holes at their edges and striped structures. The holes were used to place the sheets through the pillars on the anchors. The striped structures were designed to promote alignment of myoblasts, as cells in a striped structure are known to align along its long axis (17, 25) . After 2 days of culture of the myoblast-laden hydrogel sheets, we found that the sheets became handleable in culture medium by the combination of the increased cell-cell contact and increased compaction of the hydrogel. When we stacked the myoblast-laden hydrogel sheets onto the anchors of the skeleton ( fig. S3A ), we confirmed that the edges of the sheets were fixed to the pillars on the anchors via the holes, showing that our method allows culture of myoblasts with maintenance of their lengths, as do conventional methods (18) (19) (20) (21) (22) (23) . We also confirmed that gaps between the striped structures were maintained after the stacking, which promoted the diffusion of culture medium and oxygen into the stacked sheets. As the culture proceeded, the striped structures were fused into a single construct, resulting in the formation of an antagonistic pair of skeletal muscle tissues on the skeleton ( fig. S3A ). Optical coherence tomography (OCT) imaging of the skeletal muscle tissue revealed that all 14 of the striped structures were integrated at the center and that the tissue had a large cross-sectional area (2.5 ± 0.3 mm 2 , n = 5 tissues at the center; means ± SD) achieved by integration of the structures (cross-sectional area, ~0.25 mm 2 ) ( fig. S3B ). After the release of the formerly immobilized anchors (fig. S1B, vii and viii), we confirmed that the tensions of both skeletal muscle tissues were balanced through the joint in the biohybrid robot ( Fig. 1D and fig. S4 ). In this state, the skeletal muscle tissues tended to have different lengths (4.1 ± 0.3 mm, n = 14 skeletal muscle tissues in seven biohybrid robots; means ± SD) compared to their cultured length (4 mm). We think that the differences in their length were caused by an imbalance of tensions at their cultured length and errors in the skeleton from fabrication with manually assembled parts, such as deviation of the anchor position and differences in the flexible ribbon lengths.
To demonstrate the advantages of the striped structures in the myoblast-laden hydrogel sheets, we investigated the relationship between the dimensions of the myoblast-laden hydrogel structures and the contractile force of the skeletal muscle tissue fabricated by culturing in the structures (fig. S5 ). The result showed that narrower striped structures allow an increase in the contractile force per cross-sectional area. This increase in the contractile force was probably owing to the facilitation of myotube orientation because myotube orientation is increased when cells are cultured in the narrow striped structure (17) . Because the skeletal muscle tissues on the biohybrid robot were fabricated by integration of the striped structures, we believe that the skeletal muscle tissues have the potential to generate a high contractile force per unit of cross-sectional area.
Characteristics of skeletal muscle tissues fabricated by assembling myoblast-laden hydrogel sheets To characterize the constructed skeletal muscle tissues, we conducted morphological and functional analyses. For the morphological analysis of the skeletal muscle tissues in the biohybrid robot, we prepared axial sectional images of the tissues stained with hematoxylin and eosin (H&E) (Fig. 2A) . In the sectional images, cell enucleation was not observed, indicating that our tissue formation method allows maintenance of cell viability during culture without central necrosis in the skeletal muscle tissues. Moreover, the -actinin, myosin heavy chains, and myogenin arrangements in the skeletal muscle tissues were determined by using a fluorescent immunostaining method. The results of myogenin immunostaining showed that almost all cell nuclei were myogenin-positive [myogenin is a regulatory transcription factor involved in myogenesis (18) ] ( fig. S6 ), suggesting that myotube formation had proceeded by fusion of myoblasts in the skeletal muscle tissues. Furthermore, we confirmed formation of striped patterns of -actinin and myosin heavy chains in the myotubes (Fig. 2B ), indicating that sarcomeres were formed in the skeletal muscle tissues. The results demonstrate that the engineered skeletal muscle tissues on our biohybrid robot have the fundamental morphology required for contractible striated skeletal muscles and were comparable to skeletal muscle tissues 3D-engineered in culture dishes (19) (20) (21) . In addition, the immunostained images and long-axial sectional image show one-directional alignment of the myotubes in the skeletal muscle tissues (Fig. 2, A and B) . These morphological analyses suggest that the skeletal muscle tissues constructed using our method were striated skeletal muscle tissues, which enable one-directional contractions, and had the proper morphology of skeletal muscle tissues.
To investigate the function of the skeletal muscle tissues formed by assembling the myoblast-laden hydrogel sheets, we placed the skeletal muscle tissues on a substrate with a cantilever and measured their contractile force according to deformation of the cantilever (17, 25) . By applying electrical pulses to the skeletal muscle tissues, we controlled their contractions according to the frequency and magnitude of the electrical field; the duration of the pulse was 2 ms. With electrical pulses at 1 Hz, the contractions were twitches and were synchronized with the electrical pulses. At higher frequencies (over 6.25 Hz), the contractile mode changed from twitch to tetanus by superimposing the twitches (Fig. 2C) . As a result, the contractile force increased depending on the frequency of the electrical pulses. The peak-to-peak (p-p) contractile forces of twitch and tetanus also increased with respect to the magnitude of the electrical field, becoming saturated to almost constant value at over 1 V/mm (Fig. 2D ). These changes in their contractile force relative to electrical pulses show the same tendency as that seen in conventionally engineered skeletal muscle tissues (22, 23) . From these functional analyses, we confirmed that the constructed tissues had the contractility unique to skeletal muscle tissues. Moreover, to investigate the appropriate number of culture days needed to maximize the contractile force, we measured the p-p contractile force from culturing for different numbers of days (Fig. 2E) . During the culture, the contractile force peaked on day 10. We think that the proliferation of fibroblasts might cause the decrease in the p-p contractile force after day 15 because fibroblasts are normally contained in myoblasts isolated from neonatal rats (19) . Therefore, we decided to use 10 days as the culture time for skeletal muscle tissues in the following experiments.
To evaluate the effects of the striped structures in the myoblastladen hydrogel sheets, we compared the contractile force of skeletal muscle tissues fabricated using myoblast-laden hydrogel sheets with striped structures and those of skeletal muscle tissues fabricated using myoblast-laden hydrogel blocks without the striped structures ( fig. S7 ). Both the twitch and tetanus of the skeletal muscle tissues fabricated from multiple striped structures exhibited a stronger force than did those of the tissue fabricated from the hydrogel block without the striped structures (Fig. 2F) . Therefore, the comparison of the contractile force shows that assembling the tissue from myoblast-laden hydrogel sheets with striped structures is an appropriate method to form skeletal muscle tissues with high contractile force.
Furthermore, we investigated the length-force relationship of the skeletal muscle tissues. In the relationship between length and contractile force, their contractile force had a vertex around the center of the length-force curve when we changed their length by about ±25% from their culture length (Fig. 2G ). In the relationship between length and passive force (shrinking force caused by the intrinsic elastic properties of skeletal muscle tissues), their passive force increased in an accelerated manner with stretching of the skeletal muscle tissues (Fig. 2H ). These results indicate that the lengthforce relationship of the skeletal muscle tissues corresponded to the characteristics of in vivo skeletal muscle (26) . In addition, the result of the length-passive force relationship indicates that the skeletal muscle tissues were cultured under passive force, with their length longer than their natural length; the passive force is important for formation of aligned myotubes in skeletal muscle tissues (15) . Although increasing the passive force through elongation of a skeletal muscle tissue works as an anti-force to oppose the contractions of an antagonistic skeletal muscle tissue in our biohybrid robot, we consider that the skeletal muscle tissues fabricated with our method are appropriate driving elements for the biohybrid robot because the contractile force is much stronger than the passive force.
Actuation of biohybrid robots with contractions of skeletal muscle tissues
We confirmed the actuation of biohybrid robots by controlling the contractions of the skeletal muscle tissues. The contractions of one skeletal muscle tissue were induced by electrical fields generated 
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between a pair of electrodes located at both edges of the tissue. Note that muscle contractions were not induced when we applied electrical pulses via the other pair of electrodes located on the opposite side ( fig. S8 ). The biohybrid robot achieved bidirectional rotation of the joint (Fig. 3A and movie S1) when we sequentially applied electrical pulses (electrical field, 1.5 V/mm; frequency, 50 Hz; duration, 2 ms) to each skeletal muscle tissue. By tracking its motions, we measured the rotation angle , as shown in Fig. 3A , and the strain of the skeletal muscle tissues relative to their culture length; the strain is expressed as (L − L 0 )/L 0 , where L is the length of the skeletal muscle tissue and L 0 is the culture length (Fig. 3, B and C) . The profile of the rotation angle was consistent with the profile of strain, showing that contractions of the skeletal muscle tissues caused the rotation of the joint. Moreover, the profile of strain also shows that the skeletal muscle tissues achieved antagonistic movements. Although the skeletal muscle tissues showed different strains in the absence of electrical stimulation, the ranges of both strains during the actuation were almost the same (~0.27). These results indicate that the linear actuation of the skeletal muscle tissues was transferred to the bidirectional rotation of the joint as expected in the design of the skeleton, resulting in an amplification of motions similar to that of the musculoskeletal system of the body. To examine the magnitude of the bidirectional rotation produced according to the properties of applied electrical pulses, we selectively applied electrical pulses with different frequencies and magnitudes of the electrical field to the skeletal muscle tissues (movie S2). In this test, we measured the range of the rotation angle of the joint and the strain of the skeletal muscle tissues during a single cycle of the bidirectional rotation (Fig. 3, D and E) . The results show that the magnitudes of the actuations were controllable depending on the frequency and magnitude of the electrical field in the electrical pulses. When we selectively applied 1.5 V/mm, 50-Hz electrical pulses to the skeletal muscle tissues, the biohybrid robots achieved the largest actuation, with a 0.2 strain of the skeletal muscle tissues and a 90° joint rotation, indicating that the biohybrid robot had similar motions to that achieved by the living skeletal muscle [0.2 to 0.4 strain (27) ] and joint movements of a human finger [85° to 100° (28) ]. In addition, an analysis of the balance of forces in the bidirectional rotation, as shown in section S1, indicated that the friction force at the joint was too large to ignore and that the balance of tensions of the skeletal muscle tissues relative to the friction force at the joint determined the magnitude of the joint rotation.
Furthermore, to examine the lifetime of the biohybrid robot actuation, we compared the temporal changes in the contractile length of three types of skeletal muscle tissues: skeletal muscle tissue in the biohybrid robot, skeletal muscle tissue on a flexible substrate, and free-standing skeletal muscle tissue (Fig. 3F and fig. S9 ). The contractile length of the free-standing single skeletal muscle tissue markedly decreased by half in a day and to almost 0 after 1 day due to its spontaneous shrinkage. Similarly, the contractile length of the skeletal muscle tissue on a flexible substrate (conventional biohybrid robot) also decreased after a few days due to its spontaneous shrinkage. By contrast, the skeletal muscle tissue in our biohybrid robot did not decrease in contractility, even after a week, resulting in maintenance of the rotation angle of the joint for a week ( fig. S9I ). In addition, during the week of testing, major spontaneous shrinkage of the muscle tissues did not occur ( fig.  S9F ). These results indicate that the antagonistic pair of skeletal muscle tissues is a suitable configuration to exert long-term actuations in biohybrid robots by maintenance of their length and contractility.
As a demonstration, we let the biohybrid robot pick up and place a ring by selectively applying 50-Hz electrical pulses (1.5 V/mm) to the skeletal muscle tissues (Fig. 4A and movie S3) . In the operation, we first induced a contraction of the skeletal muscle tissue not facing the ring to bring the rotation angle  close to 0 because the rotation angle is not always 0 at the initial state. After approaching the ring in this state, the biohybrid robot hooked it by rotating the joint through a contraction of the skeletal muscle tissue facing it. Subsequently, the ring was carried by a continuous contraction (~40 s) of the skeletal muscle tissue and placed on a pillar in a given position by a contraction of the opposing skeletal muscle tissue. The result shows that the biohybrid robot can manipulate the ring through a finger-like motion owing to selective contraction of antagonistic skeletal muscle tissues. Moreover, we demonstrated the action using two biohybrid robots simultaneously (Fig. 4B and movie S4) . After arranging them to face each other across a square frame, we induced a contraction of each skeletal muscle tissue close to the frame to pick up the square frame after the approach process using contractions of the other skeletal muscle tissue. The results of this operation indicate that our biohybrid robots have the potential to reproduce various lifelike movements.
DISCUSSION
The present work demonstrates that our configuration of an antagonistic pair of skeletal muscle tissues in a biohybrid robot with a joint contributed to large actuation (a rotation angle of the joint close to 90°) and long-term actuation (~1 week) in the robots by selective contractions and maintenance of the muscle tissue length, respectively. Owing to the large actuation, the biohybrid robots performed pick-and-place manipulations of an object. This demonstration indicates that the biohybrid robots would exceed the limitations of design in conventional biohybrid robots that have been restricted to actuate like a mollusk.
Although a biohybrid robot powered by two explanted frog semitendinosus muscles had been proposed previously as a biohybrid robot with a joint driven by muscle contractions (29) , usage of explanted muscle caused restriction of the robot dimensions and configuration and a short lifetime (~42 hours) of its actuations. On the other hand, the usage of engineered skeletal muscle tissues as performed in this work provides design flexibility in biohybrid robots owing to dimension controllability of the skeletal muscle tissues and a longer lifetime of the robot actuations because of the sustainability of the tissues in culture medium. Therefore, engineered skeletal muscle tissues have higher applicability to biohybrid robots than do explanted whole skeletal muscles.
Alternatively, instead of the antagonistic muscle, a mechanical element having stretch characteristics similar to the antagonistic muscle can conceivably be used as an antagonistic structure in the biohybrid robot. However, to achieve long-term actuation under this configuration, the tension of the mechanical element should be adjusted according to the increased tension of the skeletal muscle tissue during culture. By contrast, our biohybrid robot does not require adjustment of the tension because the tensions of both skeletal muscle tissues change in the same way, indicating that the antagonistic pair of skeletal muscle tissues has a suitable configuration for the long-term actuation of the biohybrid robot.
There is still room for improvement of the actuation and the lifetime of our biohybrid robot. Issues with the actuation of the current design include that the efficiency of converting the contractions of the skeletal muscle tissues into the motions of the biohybrid robot would not be sufficient. Our experimental results show that the configuration of artificial parts in a robot influences its motions. The frictional force of the joint imparts resistance to the contractile movements of skeletal muscle tissues, and errors when manually assembling the skeleton cause length differences in the pair of skeletal muscle tissues. As next steps to achieve smooth and predictable motions in the biohybrid robot, it will be necessary to add biocompatible lubricants to the joint and to establish automated assembly techniques for the biohybrid robot. In addition, issues that could be seen in the lifetime of the biohybrid robot include that electrical stimulations were not optimal to induce the contractions of the skeletal muscle tissues. Bubbles (B and C) Changes of (B) the rotation angle of the joint and (C) the strain of the skeletal muscle tissues over time when the biohybrid robot was actuated by selectively applying electrical pulses (electrical field, 1.5 V/mm; frequency, 50 Hz; duration, 2 ms). (D and E) Range of (D) the rotation angle of the joint in different biohybrid robots (n = 4 to 7) and (E) the strain of each skeletal muscle tissue (n = 8 to 14) in different biohybrid robots during a single cycle of the bidirectional motion achieved by applying electrical pulses (duration, 2 ms). (F) Variation with time of the contractile length of one skeletal muscle tissue in different biohybrid robots (n = 4), that of skeletal muscle tissues on flexible substrates (n = 5), and that of free-standing skeletal muscle tissues (n = 4). Electrical pulses (electrical field, 1 V/mm; frequency, 1 Hz; duration, 2 ms) were applied to each tissue. Contractile lengths were normalized according to the contractile length at day 0 of each sample. *P < 0.01, unpaired t test. All error bars show SD. Scale bar, 5 mm. generated by electrolysis at the time of the electrical stimulations caused degradation of the skeletal muscle tissues and electrodes. This disadvantage of electrical stimulations limits the long-term and continuous actuation of the biohybrid robot. To overcome these limitations, we consider that it would be effective to use genetically modified skeletal muscle tissues contractible by optical stimulations (10, 30) and skeletal muscle tissues cocultured with motor neurons contractible by neural stimulations (17, 31) , because these advanced skeletal muscle tissues can contract via a mechanism similar to that in the skeletal muscles of a living body. In addition, the passive force of skeletal muscle tissues reaches a plateau over 1 week after co culturing with motor neurons (31) , indicating that spontaneous shrinkage may be easy to prevent in these tissues. For these reasons, integration of the biohybrid robot with these advanced skeletal muscle tissues will increase its lifetime.
For the biofabrication of skeletal muscle tissues, we proposed an original method to construct one skeletal muscle tissue by integration of several myoblast-laden hydrogel sheets after stacking them. The myoblast-laden hydrogel sheets are easier to handle than skeletal muscle tissues because myotube formation is not advanced in the sheets and their spontaneous shrinkage is small. Consequently, our method enables the formation of skeletal muscle tissues at designed positions by manipulation of the sheets. Although we constructed only two skeletal muscle tissues in symmetrical positions on our biohybrid robot, the method allows construction of many skeletal muscle tissues at arbitrary positions to mimic the configuration of living bodies. Therefore, we believe that a biohybrid robot with a more complex composition will be constructable in the future.
This research shows the advantages of a biohybrid robot with an antagonistic pair of skeletal muscle tissues, and the usefulness of this basic concept has been demonstrated. We believe that the results of this work will provide useful knowledge to develop advanced biohybrid robots for biological study of an antagonistic pair of skeletal muscles. Moreover, the concept of this research is applicable to the development of a muscle-on-a-chip system, which is one example of organ-on-a-chip systems composed of culture tissues and perfusable channels, as a model in drug development and toxin testing (32) . Integration of our biohybrid robot with the muscle-on-a-chip system will enable the development of more physiologically relevant models based on antagonistic pairs of skeletal muscle tissues.
MATERIALS AND METHODS
Cell preparation
Single-cell suspensions of myoblasts were prepared from the hindlimbs of Wistar neonatal (1 to 2 days old) rats (Sankyo Labo Service Corporation Inc.) by mechanical trituration using type II collagenase (Invitrogen). All rats were maintained in accordance with the policies of the University of Tokyo Institutional Animal Care and Use Committee.
The growth medium for the myoblasts was composed of Dulbecco's modified Eagle's medium (DMEM; Sigma-Aldrich Co. 
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LLC) with 10% (v/v) fetal bovine serum (Japan Bioserum Co. Ltd.) and 1% penicillin-streptomycin (Invitrogen). The differentiation medium for the myoblasts was composed of DMEM with 2% (v/v) horse serum (Sigma-Aldrich Co. LLC) and 1% penicillin-streptomycin (Invitrogen).
Fabrication of skeleton of the biohybrid robot
The skeleton of the biohybrid robot was composed of a substrate with a joint, parylene-coated gold electrodes, anchors for skeletal muscle tissues, and flexible ribbons bridged between the anchors and the joint (fig. S1A ). The body of the skeleton with a joint was an assembly of resin parts. The resin parts were fabricated using a commercial stereolithography modeling machine (Perfactory, EnvisionTEC) from a photoreactive acrylate resin (R11, EnvisionTEC). After we exposed the resin parts to ultraviolet (UV) light for over 60 s using a laser machine (UV-LED, Keyence Corp.) for complete curing, we coated them with 2 m of parylene using a chemical vapor deposition machine (Parylene Deposition System 2010, Specialty Coating Systems Inc.). Afterward, we assembled the resin parts using photoreactive medical adhesive (Loctite 3301, Henkel AG & Co. KGaA) ( fig. S1B, i) . The parylene-coated gold electrodes were fabricated by patterning gold lines on 10-m-thick parylene sheets using standard photolithography and were connected with conductive wires using conductive resin (Dotite D-723S, Fujikura Kasei Co. Ltd.). After coating 2 m of parylene onto the parylene-coated gold electrodes connected with conductive wires to insulate the electrodes other than the tips, we bonded the parylene-coated gold electrodes to the body with a joint using a photoreactive medical adhesive ( fig. S1B, ii) . Subsequently, we bonded anchors formed by the stereolithography machine to the electrodes using photoreactive medical adhesive ( fig. S1B, iii) . After mounting PDMS supports to immobilize the anchors, the anchors were connected to flexible ribbons (2-m-thick parylene ribbons), of which the edges were fixed to the joint using a photo reactive medical adhesive (fig. S1B, iv and v). Last, we coated the anchors with fibronectin (stabilized bovine fibronectin, Thermo Fisher Scientific Inc.) to allow cell adhesion.
Formation of myoblast-laden hydrogel sheets
For formation of the myoblast-laden hydrogel sheets, we prepared PDMS stamps with grooves. The PDMS stamps were shaped with resin molds. The resin molds were produced by the same method as the resin parts for the skeletons using the stereolithography machine. After UV light exposure and 2 m of parylene coating, we poured PDMS elastomer (Sylgard 184 Silicone Elastomer, Dow Corning Toray Co. Ltd.) mixed in the ratio of 10:1 (base/crosslinker) into the resin molds. After solidification of the PDMS by heating at 75°C for 90 min, we released the PDMS stamps from the molds. For sterilization of the PDMS stamps, we washed them with ethanol and exposed them to UV light for more than 30 min using a sterilizer machine (sterilizer FV-209B, As One Corporation). Last, the PDMS stamps were treated with ethanol including 0.5 weight % phosphorylcholine-based (MPC) polymers (NOF Corporation) and incubated at 65°C for 90 min to block cell adhesion on the surface of the PDMS stamps.
We used Matrigel as the material for the myoblast-laden hydrogel sheets because myoblasts maintain their differentiation capacity in Matrigel (33) . After sandwiching 15 l of Matrigel solution (Corning Incorporated) with myoblasts (1 × 10 8 cells/ml) between the PDMS stamp and a silicone rubber sheet (As One Corporation), we incubated the assembly at 37°C for 15 min to induce gelation of the Matrigel. By releasing the PDMS stamp after 2 days of culture in growth medium, we obtained myoblast-laden hydrogel sheets with striped structures because the myoblasts gradually aggregated in the Matrigel to make sheet structures ( fig. S2, A and B) .
Fabrication of biohybrid robots with an antagonistic pair of skeletal muscle tissues
For formation of an antagonistic pair of skeletal muscle tissues on the skeleton with a joint, we mounted the myoblast-laden hydrogel sheets between the anchors by aligning the pillars on the anchors with the holes of the sheets ( fig. S1B, vi) . In the mounting process, we delivered the silicon rubber sheet with the myoblast-laden hydrogel sheet onto the anchors of the skeleton. After removing the myoblast-laden hydrogel sheet from the silicone rubber sheet, we pushed the myoblast-laden sheet so that the pillars of the anchors passed through the holes at their ends. Repeating this procedure three times, we stacked three myoblast-laden hydrogel sheets on the anchors. The anchors helped the myoblast-laden hydrogel sheets maintain their length against tension. In this state, we used sheets with different striped structures alternately to avoid overlaps of the striped structures ( fig. S2C ). After culturing the assembly of myoblast-laden hydrogel sheets in growth medium for 1 day, we replaced half of the medium with differentiation medium every day. Last, skeletal muscle tissues were formed on both sides of the biohybrid robot by inducing fusion of the myoblasts into myotubes (fig. S1B, vii). The biohybrid robot was available after removing the PDMS supports to free the anchors ( fig. S1B, viii) . For OCT imaging of the skeletal muscle tissues, we used an OCT machine (IVS-2000, Santec Corporation).
Immunostaining
For characterization of the skeletal muscle tissues by immunostaining, after a 10-day culture of the assembly of myoblast-laden hydrogel sheets, biohybrid robots were washed with phosphate-buffered saline (PBS), fixed with 4% paraformaldehyde (PFA; Muto Pure Chemicals Co. Ltd.), permeabilized with 0.1% Triton X-100 (Alfa Aesar) for 20 min, and blocked with 2.5% bovine serum albumin (Sigma-Aldrich Co. LLC) overnight. For immunostaining of -actinin and myosin heavy chains, we incubated the biohybrid robots with 0.1% monoclonal anti--actinin antibody (Sigma-Aldrich Co. LLC) and monoclonal anti-myosin heavy chain antibody (10 g/ml; R&D Systems Inc.), respectively, at 4°C overnight. Subsequently, we incubated the robots with Alexa Fluor-conjugated secondary antibodies (Thermo Fisher Scientific Inc.) at room temperature for 2 hours. For immunostaining of myogenin, we incubated the biohybrid robots with 1% anti-myogenin Alexa Fluor 488 (eBioscience) at 4°C overnight. After immunostaining, we rinsed them with PBS and stained the cell nuclei with 0.1% Hoechst 33342 (Invitrogen) or DAPI (4′,6-diamidino-2-phenylindole) (Invitrogen). When we observed the immunostained skeletal muscle tissues, we used a laser microscope (LSM 780, Carl Zeiss) for confocal images.
Sectional images of skeletal muscle tissues
For H&E staining of the skeletal muscle tissues, we first fixed our biohybrid robots with 4% PFA after 10 days culture of the assembly of myoblast-laden hydrogel sheets. Afterward, we removed the skeletal muscle tissues from the biohybrid robots and dipped the tissues in 30% sucrose solution at 4°C. Then, we froze the tissues in optimal cutting temperature compound (Sakura Finetek Japan Co. Ltd.) and cut them with a cryostat chamber (Hyrax C25, Carl Zeiss) to prepare 8-m-thick frozen sections. We mounted them on glass slides and stained the sections with Mayer's hematoxylin solution (Wako Pure Chemical Industries Ltd.) and 0.5% eosin Y ethanol solution (Wako Pure Chemical Industries Ltd.). We observed the H&E-stained sections with a microscope (IX71N, Olympus).
Evaluation of the contractility of skeletal muscle tissues
We estimated the contractile force of the skeletal muscle tissues with PDMS cantilevers using a modified method described previously (17, 25) . Briefly, we first placed the skeletal muscle tissue between PDMS cantilevers and fixed the tissue ends on the cantilever tips. We generated an alternative-current square wave as electrical pulses using a function generator (Agilent Technologies Inc.) and an amplifier (Mess-Tek Co. Ltd.) and applied the electrical pulses to gold electrodes placed around the skeletal muscle tissue. As the PDMS cantilever was deformed when the mounted skeletal muscle tissue contracted, we measured the deflection of the cantilever with the microscope and a motion analyzer (VM-9000, Keyence Corp.). We estimated the contractile forces from the deflection of the cantilever because their contractile forces approximate the reaction forces measured from the cantilever according to beam deflection formulas. When we estimated the contractile force in different lengths of skeletal muscle tissues, we changed the length by moving the cantilevers using an x-axis stage.
Motion analysis of the biohybrid robots
Our biohybrid robots were placed in transparent acrylate boxes with phenol red-free DMEM (Sigma-Aldrich Co. LLC) with 1% penicillin-streptomycin for clear observation. To drive the biohybrid robots, we selectively applied electrical pulses to the parylenecoated gold electrodes on both sides of the robot to stimulate the skeletal muscle tissues. The motions of the biohybrid robots were recorded as videos using a digital camera with a macro lens (EOS Kiss X6i, Canon). From the videos, we measured the rotation angle of the joint and the contractile length of each skeletal muscle tissue using the motion analyzer.
Evaluation of the lifetime of the biohybrid robot motions
To evaluate the lifetime of the biohybrid robots, we placed the robots in transparent acrylate boxes after 5 days of culture with differentiation medium. We applied electrical pulses to the flexor muscle (we defined the shorter skeletal muscle tissues as flexor muscle tissues when the absolute value of the rotation angle was maximized) in the biohybrid robot and recorded the motions of the robot with the same conditions used in the previously described motion analysis. After the experiment, we replaced half of the medium with differentiation medium every day. For comparison of robots without an antagonistic skeletal muscle tissue, we prepared biohybrid robots with a flexible substrate and free-standing single skeletal muscle tissues. To prepare the biohybrid robot with a flexible substrate, we fixed the anchors onto the parylene-coated gold electrodes using photoreactive medical adhesive. We immobilized the parylene-coated gold electrodes onto the surface of culture dishes and formed a skeletal muscle tissue on the anchors by culturing three stacked myoblast-laden hydrogel sheets for 5 days (fig. S9B) . After releasing the parylene-coated gold electrodes from the culture dishes, we observed their motion using the same method described for observation of our biohybrid robot, and we replaced half of the medium with differentiation medium every day. To form the free-standing single skeletal muscle tissue, we cultured three stacked myoblast-laden hydrogel sheets for 5 days on the anchors immobilized with a PDMS substrate ( fig. S9C) . After releasing the skeletal muscle tissues from the PDMS substrate, we applied electrical pulses to the tissues in culture dishes and recorded their contractions as videos using the microscope.
In the experiments, we used the motion analyzer to quantify the contractile length of the skeletal muscle tissues in every sample, the rotation angle of our biohybrid robots, and the angle of the biohybrid robot with a flexible substrate, as shown in fig. S9H . Unpaired t test was used to compare the relative contractile lengths (percentage of contractile length at day 0) of skeletal muscle tissues in the biohybrid robots with that of skeletal muscle tissues on flexible substrates at day 3.
Manipulation of objects using biohybrid robots
For demonstration of object manipulation using our biohybrid robots, we fabricated a ring, a square frame, and substrates for immobilization of the ring and the square frame using a 3D printer (AGILISTA-3200, Keyence Corp.). We placed the ring on the substrate in the demonstration using a single biohybrid robot and placed the square frame on the substrate in the demonstration of an operation of two biohybrid robots. The biohybrid robots were driven by applying electrical pulses with the same conditions used in the motion analyses of the biohybrid robots in the transparent acrylate box. For lifting and carrying the objects, locomotion of the biohybrid robots was performed by moving the box with a z-axis stage and an x-axis stage.
SUPPLEMENTARY MATERIALS
robotics.sciencemag.org/cgi/content/full/3/18/eaat4440/DC1 Section S1. Relationship between the motions of our biohybrid robot and the contractile properties of the skeletal muscle tissues Fig. S1 . Fabrication process of our biohybrid robot. Fig. S2 . Detailed process for stacking the myoblast-laden hydrogel sheets. Fig. S3 . Formation of skeletal muscle tissue on our biohybrid robot. Fig. S4 . Observation of our biohybrid robot. Fig. S5 . Contractile properties of the striped patterned skeletal muscle tissues. Fig. S6 . Confocal image of a skeletal muscle tissue immunostained with -actinin, myogenin, and the cell nucleus. Fig. S7 . Schematic illustration for comparison of a myoblast-laden hydrogel block and a stack of myoblast-laden hydrogel sheets. Fig. S8 . Selective contractions of the skeletal muscle tissue in the biohybrid robot. Fig. S9 . Variation with time of the motions of our biohybrid robot, a conventional biohybrid robot, and a free-standing single skeletal muscle tissue. Fig. S10 . Calculated balance between the flexor muscle and extensor muscle. Movie S1. Bidirectional motions of our biohybrid robot. Movie S2. Motions of our biohybrid robot under applied electrical pulses (50 Hz, 2 ms) with different magnitudes of the electrical field. Movie S3. Pick-and-place operation by a single biohybrid robot. Movie S4. Pick-up operation achieved by two biohybrid robots.
